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The k1 coefficient is proportional to Mr and therefore is always > 0. The k2 coefficient explains 
the behavior of the material with changes in the volumetric stresses. Increasing volumetric 
stresses increase the Mr value and therefore the k2 coefficient should be ≥ 0. The k3 coefficient 
explains the behavior of the material with changes in shear stresses. Increasing shear stress 
softens the material and yields a lower Mr value. Therefore the k3 coefficient should be ≤ 0. 

 

 

Figure 5. Top view of HDP foam (top) and OGS+Foam mixture (bottom) samples 

In Situ Testing Methods 

The in situ test methods selected for this project included: (a) a real-time kinematic global 
positioning system (RTK-GPS) to locate test points; (b) robotic total station to monitor elevation 
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changes at the pavement surface, (c) light weight deflectometer to determine elastic modulus of 
the subbase layer, (d) dynamic cone penetrometer to determine the California bearing ratio 
(CBR) of the foundation layers; (e) air permeameter test device to determine saturated hydraulic 
conductivity (Ksat) of the subbase layer, (f) falling weight deflectometer to determine peak 
deflection under the loading plate (D0), load transfer efficiency (LTE) at joints and cracks, voids 
at joints and cracks, foundation composite modulus of subgrade reaction, and deflection basin 
parameters; (g) calibrated Humboldt nuclear gauge to measure in situ moisture and dry density; 
(h) crack and fault measurements; (i) I-buttons for temperature measurements; and (g) 
international roughness index (IRI) index to characterize  ride quality. Brief descriptions of these 
test procedures are provided below, and equipment used to conduct tests is shown in composite 
as Figure 6.  

Real-Time Kinematic Global Positioning System 

An RTK-GPS system was used to obtain the spatial coordinates (x, y, and z) of pavement slabs 
and test locations. A Trimble SPS881 receiver was used with base station correction provided 
from a Trimble SPS851 established on site (Figure 6, top left). This survey system is capable of 
horizontal accuracies of < 10 mm and vertical accuracies < 20 mm. 

Robotic Total Station 

A Trimble SPS930 universal robotic total station (RTS) system (Figure 6 top center shows the 
base station, and the top right photo shows the robotic total station hand-held laser receiver) 
integrated with servos and angle sensors was used to monitor changes in pavement surface 
elevations or surface elevation profiling (Trimble Navigation Ltd. 2013). An auto-lock prism was 
used as a tracking target and was mounted on a moving hand-held wheel or hand-held rover. 
Prior to taking measurements, local control points spaced across the area of interest were 
established for calibration. This system is capable of vertical accuracies of < 3 mm within 0 to 
100 m distance from the total station base, and vertical accuracies of < 4 mm within 100 to 
300 m distance from the total station base. 
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Figure 6. In situ test devices: Trimble SPS-881 hand-held receiver; Trimble SP-851 base 
station and RTS hand-held laser receiver (top row left to right); Kuab falling weight 

deflectometer and Zorn light weight deflectometer (middle row left to right); dynamic cone 
penetrometer, nuclear gauge, and gas permeameter device (bottom row left to right) 
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Zorn Light Weight Deflectometer 

Zorn LWD tests were performed in patching areas where untreated base and HDP foam treated 
base layers were exposed. The LWD was set up with a 200 mm diameter plate and 50 cm drop 
height. The tests were performed following manufacturer recommendations (Zorn 2003), and the 
elastic modulus values were determined using Eq. 2: 
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where E = elastic modulus (MPa); D0 = measured deflection under the plate (mm); η = Poisson’s 
ratio (0.4); σ0 = applied stress (MPa); r = radius of the plate (mm); and F = shape factor 
depending on stress distribution (assumed as 8/3) (see Vennapusa and White 2009).  

The results are reported as ELWD-Z2 (Z represents Zorn LWD and 2 represents 200 mm diameter 
plate). 

Dynamic Cone Penetrometer 

DCP (Figure 6) tests were performed in accordance with ASTM D6951-03 Standard Test 
Method for Use of the Dynamic Cone Penetrometer in Shallow Pavement Applications to 
determine dynamic penetration index (DPI) and calculate California bearing ratio (CBR) using 
Eq. 8. The DCP test results are presented in this report as CBR with depth profiles at each test 
location. The CBR values were calculation using Eq. (3): 

12.1DPI
292CBR =

 (3) 

CBR of the OGS subbase layer (CBROGS) was determined in this study by measuring the number 
of blows required to penetrate the DCP down to the bottom of the OGS layer (about 100 mm) 
and calculating the DPI value. 

Falling Weight Deflectometer (FWD) 

FWD tests were conducted independently by Penn DOT and ISU research team using different 
devices. Penn DOT personnel conducted testing at joints prior to stabilization in 2009 to select 
the extent of injection stabilization. The authors conducted tests in selected test sections shortly 
before stabilization and at several times up to 9 months after stabilization. Procedures followed 
by Penn DOT and authors for conducting FWD tests and interpreting the results are described 
below. 
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Penn DOT FWD Testing  

FWD tests were conducted at all joint locations to determine the type of repair needed, i.e., foam 
injection or full-depth patching. FWD tests were conducted by dropping a target dynamic load of 
about 40 kN to measure D0. The actual applied load was measured and was varied from about 
37.6 to 43.6 kN, with an average of about 40.3 kN. LTE values were determined by obtaining 
deflections under the 300 mm plate on the loaded panel (D0) and deflections of the unloaded 
panel (D1) using a sensor positioned about 305 mm away from the center of the plate. The LTE 
was calculated using Eq. 4. 

100(%)
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D
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Criteria for predicting voids under the pavement were based on the zero-load intercept (I) value 
calculation using three applied loads varying from 40 to 71 kN and measuring the corresponding 
deflections. The intercept value of the linear regression relationship between applied load (x-
axis) and deflection plot (y-axis) is determined as the I-value, which corresponds to deflection at 
zero-load, as illustrated in Figure 7. 

 

Figure 7. Void detection using load-deflection data from FWD tests 

ISU FWD Testing 

FWD tests were conducted in accordance with ASTM D4694 Standard Test Method for 
Deflections with a Falling-Weight-Type Impulse Load Device, using a segmented 300 mm 
diameter loading plate by applying one seating drop and four loading drops. A Kuab FWD 
device was used in this study (Figure 6). The applied loads varied from 22 to 75 kN. The 
deflection values at each test location were normalized to 40 kN. FWD tests were conducted near 
mid-panel (i.e., between the two joints or between the joint and the crack on a panel), joints, and 
transverse cracks.  

Applied Load (kN)

0 20 40 60 80 100 120

D
ef

le
ct

io
n 

un
de

r t
he

 p
la

te
, D

0 (
m

m
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Intercept, I



23 

The FWD deflection basin data was analyzed to determine peak deflections under the loading 
plate (D0), surface curvature index (SCI), base damage index (BDI), base curvature index (BCI), 
area factor (AF), LTE near joints and cracks (using Eq. 4), and I values. An example deflection 
basin is shown in Figure 8.  

 

Figure 8. FWD deflection sensor setup used for this study and sample deflection basin data 
illustrating SCI, BDI, and BCI calculations 

The SCI, BDI, BCI, and AF measurements are referred to as deflection basin parameters and are 
determined using the following equations:  
 

SCI (mm) = D0 – D2 (5) 

BDI (mm) = D2 – D4 (6) 

BCI (mm) = 𝐷𝐷4 –  𝐷𝐷5 (7) 

Distance (m)

-0.3048 0.0000 0.3048 0.6096 0.9144 1.2192 1.5240

Distance (in)

-12 0 12 24 36 48 60

300 mm diameter loading plate

D0
D1 D2 D3 D4 D5 D6 D7

Loading plate and deflection sensors setup (Plan View)

Distance (m)

-0.3048 0.0000 0.3048 0.6096 0.9144 1.2192 1.5240

D
ef

le
ct

io
n 

(m
m

)

0.0

0.1

0.2

0.3

0.4

0.5

SCI = D0-D2

Applied Load

D0D1 D2 D3 D4 D5 D6 D7

BDI = D2-D4

BCI = D4-D5

Deflection Basin
300 mm diameter loading plate



24 

AF (mm) 
0

5420

D
)D2D2D(D152.4 +++×

=  (8) 

where, D0 = peak deflection measured directly beneath the plate, D2 = peak deflection measured 
at 305 mm away from the plate center, D4 = peak deflection measured at 510 mm away from the 
plate centre, and D5 = peak deflection measured at 914 mm away from the plate centre. 

According to Horak (1987), the SCI parameter provides a measure of the strength/ stiffness of 
the upper portion (base layers) of the pavement foundation layers (Horak 1987). Similarly, BDI 
represents layers between 300 mm and 600 mm depth (base and subbase layers) and BCI 
represents layers between 600 mm and 900 mm depth (subgrade layers) from the surface 
(Kilareski and Anani 1982). The AF is primarily the normalized (with D0) area under the 
deflection basin curve up to sensor D5 (AASHTO 1993). AF has been used to characterize 
variations in the foundation layer material properties by some researchers (e.g., Stubstad 2002). 
Comparatively, lower SCI or BDI or BCI or AF values indicate better support conditions (Horak 
1987). 

A composite modulus value (EFWD-K3) was calculated using the D0 corresponding to an applied 
contact force, and Eq. 2. Shape factor F = 2 was used in the calculations assuming a uniform 
stress distribution (see Vennapusa and White 2009). According to the FWD manufacturer, the 
segmented plate used results in a uniform stress distribution.  

Tests conducted at mid-panel were also used to determine the dynamic modulus of subgrade 
reaction (kdynamic) values. The kdynamic values were determined using deflection basin parameters 
and the area method described in AASHTO (1993), using Engineering and Research 
International (ERI) data analysis software. The deflection basin parameters included D0, D2, D4, 
and D5.   

Pavement layer temperatures at different depths were obtained during FWD testing, in 
accordance with the guidelines from Schmalzer (2006). The temperature measurements were 
used to determine equivalent linear temperature gradients (TL) following the temperature-
moment concept suggested by Jannsen and Snyder (2000). According to Vandenbossche (2005), 
the I-values are sensitive to temperature induced curling and warping affects. Large positive 
temperature gradients (i.e., when surface is warmer than bottom) that cause the panel corners to 
curl down result in false negative I-values. Conversely, large negative gradients (i.e., when 
surface is cooler than bottom) that cause the panel corners to curl upward result in false positive 
I-values. Interpretation of I-values therefore should consider the temperature gradient. 
Concerning LTE measurements for doweled joints, the temperature gradient is reportedly not a 
critical factor (Vandenbossche, 2005). 

Humboldt Nuclear Gauge 

A calibrated nuclear moisture-density gauge (NG) device (Figure 6) was used to provide rapid 
measurements of soil dry unit weight (γd) and moisture content (w) in the base materials. Tests 
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were performed following ASTM D6938-10 Standard Test Method for In-Place Density and 
Water Content of Soil and Soil-Aggregate by Nuclear Methods (Shallow Depth). Back-scattering 
procedure was used in obtaining the measurements. Two measurements of moisture and dry unit 
weight were obtained at a particular location and the average value is reported. 

Rapid Air Permeameter Test (APT Device) 

APT device is a recently developed rapid in situ permeability testing device (White et al. 2014) 
that uses air as a permeating fluid to determine the saturated hydraulic conductivity (Ksat). The 
APT consists of a self-contained pressurized gas system with a self-sealing base plate and uses a 
theoretical algorithm to determine the Ksat. The test involves measuring air pressure on the inlet 
and outlet sides of a precision orifice, calculating gas flow rate, and assuming material properties 
(i.e., degree of saturation of the material, residual saturation of the material, and pore-size 
distribution properties of the material), to determine Ksat. The Ksat was calculated using Eq. 9 
(White et al. 2014):  
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where Ksat = saturated hydraulic conductivity (cm/s); µair = dynamic viscosity of air (Pas); Q = 
volumetric flow rate (cm3/s); P1 = absolute gas pressure on the soil surface, Po(g) x 9.81 + 
101325, (Pa); Po(g) = gauge pressure at the orifice outlet (mm of H20); P2 = atmospheric pressure 
(Pa); r = radius at the outlet (4.45 cm), Go= Geometric factor (4.16e(−0.1798∙δ) +
4.74e(−0.0003∙δ)); δ = depth to impervious layer (assumed as 100 mm); Se = effective water 
saturation [Se = (S – Sr)/(1-Sr)]; λ = Brooks-Corey pore size distribution index; Sr = residual 
water saturation; S = water saturation; ρ = density of water (g/cm3); g = acceleration due to 
gravity (cm/s2); and µwater = absolute viscosity of water (g/cm-s).  

S values of the subbase layer material were determined based on field density and moisture 
content measurements (varied between 15% and 16%), and Sr = 0% and λ = 5.0 were assumed 
based on a database of typical properties provided in White et al. (2014).  

Crack and Fault Measurements 

Faulting was observed near mid-panel cracks and near shoulder/panel interface (due to panel 
settlement). Faulting was measured using a ruler at 8 to 10 locations along the width of the panel 
and along the crack to determine average crack faulting (CF).  Similarly, faulting was measured 
at the shoulder at 8 to 10 locations along the length of the panel to determine average shoulder 
faulting (SF). The procedure to obtain these measurements is illustrated in Figure 9. 
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I-Buttons 

I-buttons were installed at three locations on the project to monitor temperature profiles in the 
pavement foundation layers. I-buttons were installed by coring the pavement and drilling a 
150 mm (6 in.) diameter bore hole into the pavement base, subbase, and subgrade layers down to 
approximately 1.5 m (5 ft) below the pavement surface. A plastic pipe was installed in the hole 
and then the hole was backfilled around the pipe using soil cuttings from the auger. I-buttons 
were taped to a thin wooden stick that was placed inside the plastic pipe. Photographs illustrating 
the installation procedure are provided in Figure 10. 

The I-buttons were taped at marked locations on the wooden stick so that the sensors would be 
located at approximately 0.25 m (10 in.); 0.31 m (12 in.); 0.45 m (18 in.); 0.61 m (24 in.); 0.91 m 
(36 in.);, and 1.52 m (60 in.) beneath the pavement surface. A silty soil and silica sand slurry was 
mixed and poured into the plastic pipe, then the concrete core hole was patched and sealed with 
cement grout. 

  

Figure 9. Crack width (left) and fault (right) measurements 
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Figure 10. I-button installation 

International Roughness Index 

To determine the pavement ride quality, IRI measurements were obtained by Penn DOT using a 
high-speed profiler (Penn DOT, 2015). Penn DOT uses the following criteria on non-interstate 
national highways (illustrated in Appendix B) to provide pavement ride quality ratings based on 
IRI measurements: 

• Excellent: IRI ≤ 1.2 m/km 
• Good: IRI > 1.2 m/km and ≤ 1.9 m/km 
• Fair: IRI > 1.9 m/km and ≤ 2.7 m/km 
• Poor: IRI > 2.7 m/km 

Statistical Analysis Method 

The results in this study from before and after stabilization were analyzed to statistically assess 
the differences between the measurements. Student t-test analysis (Ott and Longnecker, 2001) 
was conducted on the FWD test measurements to assess statistical significance in the difference 
in measurements obtained before and after stabilization. The t-values were determined using: 
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where, n0 and n1 = number of measurements obtained before and after stabilization, respectively; 
sp = pooled standard deviation, and s0 and s1 = standard deviation of measurements obtained 
before and after stabilization, respectively.  

The observed t-values were compared with the minimum t-value for a one-tailed test with degree 
of freedom (df) = n0 + n1 – 2, for 95% confidence level (i.e., α = 0.05) If the t-values were 
greater than the minimum t-value, then it was concluded that there is sufficient evidence that the 
measurements after stabilization were different when compared to the measurements before 
stabilization. 

 

  


